Impact of tropical land use change on soil organic carbon stocks -a meta-analysis.
Land use changes are the second largest source of human induced greenhouse gas emission, mainly due to deforestation in the tropics and sub-tropics. CO2 emissions result from biomass and soil organic carbon (SOC) losses and may be offset with afforestation programs. However, the effect of land use changes on SOC is poorly quantified due to insufficient data quality (only SOC concentrations and no SOC stocks, shallow sampling depth) and representativeness. In a global meta-analysis, 385 studies on land use change in the tropics were explored to estimate the SOC stock changes for all major land use change types. The highest SOC losses were caused by conversion of primary forest into cropland (-25%) and perennial crops (-30%) but forest conversion into grassland also reduced SOC stocks by 12%. Secondary forests stored less SOC than primary forests (-9%) underlining the importance of primary forests for C stores. SOC losses are partly reversible if agricultural land is afforested (+29%) or under cropland fallow (+32%) and with cropland conversion into grassland (+26%). Data on soil bulk density are critical in order to estimate SOC stock changes because i) the bulk density changes with land use and needs to be accounted for when calculating SOC stocks and ii) soil sample mass has to be corrected for bulk density changes in order to compare land use types on the same basis of soil mass. Without soil mass correction, land use change effects would have been underestimated by 28%. Land use change impact on SOC was not restricted to the surface soil, but relative changes However, the effect of land use changes on SOC is poorly quantified due to insufficient data 23 quality (only SOC concentrations and no SOC stocks, shallow sampling depth) and 24 representativeness. In a global meta-analysis, 385 studies on land use change in the tropics 25 were explored to estimate the SOC stock changes for all major land use change types. The 26 highest SOC losses were caused by conversion of primary forest into cropland (-25%) and 27 perennial crops (-30%) but forest conversion into grassland also reduced SOC stocks by 12%. 28 Secondary forests stored less SOC than primary forests (-9%) underlining the importance of 29 primary forests for C stores. SOC losses are partly reversible if agricultural land is afforested 30 (+29%) or under cropland fallow (+32%) and with cropland conversion into grassland 31 (+26%). Data on soil bulk density are critical in order to estimate SOC stock changes because 32 i) the bulk density changes with land use and needs to be accounted for when calculating SOC 33 stocks and ii) soil sample mass has to be corrected for bulk density changes in order to 34 compare land use types on the same basis of soil mass. Without soil mass correction, land use 35 change effects would have been underestimated by 28%. Land use change impact on SOC 36 was not restricted to the surface soil, but relative changes were equally high in the subsoil, 37 stressing the importance of sufficiently deep sampling. 38 F o r R e v i e w O n l y ecosystem C stocks increases in atmospheric CO 2 . Soils are major carbon stores in tropical 48 areas, with 36-60% of ecosystem C in forests being stored in soils (Dixon et al., 1994, FAO, 49 2006, Malhi et al., 1999) . Tropical soils are estimated to emit 0.2 Gt C yr -1 due to land use 50 changes, accounting for 10-30% of the total C emission from deforestation (Houghton, 1999 , 51 Achard et al., 2004 . In contrast, other land use changes may lead to increased soil organic 52 carbon (SOC) stocks, e.g., if cropland is converted into grassland or afforested (Paul et al., 53 2002 , Guo et al., 2002 . However, the estimates of SOC losses and gains are subject to large 54 errors and methodological biases (Goidts et al., 2009) and the susceptibility of SOC to land 55 use change in tropical soils is insufficiently quantified. The estimated errors of the IPCC 56 default values (Good Practice Guidelines LULUCF) for SOC stock changes after land use 57 change are three to four times higher for tropical than for temperate regions (Penman et al., 58 2003) . The reduction of land use changes that lead to C losses from soils and biomass could 59 be a substantial and economically sound contribution to reduce greenhouse gas emissions 60 67 SOC changes are controlled by i) the decomposition rate of SOC, e.g., due to changes in 68 microclimate, and ii) alterations in the quantity and quality of C cycled through the system 69 (Juo et al., 1996) . Land use directly affects both microclimate and quantity, quality and the 70 pathways of C input. Moreover, erosion is controlled by land use and land management and 71 may decrease SOC stocks in agricultural systems compared with forests. Erosion may be a 72 major pathway of SOC loss on the plot scale on insufficiently aggregated soils typical for 73 tropical regions (van Noordwijk et al., 1997 , Berhe et al., 2007 . On the other hand, 74 erodibility generally decreases with increasing topsoil SOC content, which stresses the 75 importance of SOC for soil fertility and productivity (Feller et al., 1997) . This is especially 76 true for tropical regions where nutrient poor, highly weathered soils are often managed with 77 few external inputs of nutrients and C. Tropical SOC stocks may be more susceptible to 78 perturbations such as land use changes with twice as high SOC turnover than in temperate 79 regions (Trumbore, 1993 , Six et al., 2002 , Penman et al., 2003 . Higher temperature and soil 80 moisture regimes enhance decomposition rates and thus may speed up SOC losses. Highly 81 weathered soils, e.g., Oxisols and Ultisols, cover 60 to 70% of tropical land area. In these 82 soils low activity clays are predominant and provide less mineral surfaces for physical 83 protection and stabilisation of SOC (Feller et al., 1997). However, there is an ongoing 84 discussion about whether climatic factors or the differences in soil mineralogy and land use 85 history contribute most to distinct tropical SOC dynamics (Paul et al., 2008 , Zinn et al., 2005 F o r R e v i e w O n l y 5 published but have never been analysed together. Moreover, insufficient sampling depth and 91 missing correction for differences in bulk density after land use change may have lead to 92 significant bias in previous studies (Ellert et al., 1995 , Baker et al., 2007 . Differences in 93 rooting depth and tillage on croplands directly influence the C distribution in the soil profile. 94
Shallow sampling misses C which is incorporated below the topsoil and may lead to 95 overestimations of land use change effects on soil C. Thus, the objective of this study was to 96 gather the existing high quality data sets on land use change effects and SOC for the tropics to 97 derive new estimates beyond site specific values and including also subsoil horizons. More 98 than 380 old and new data sets were compiled and quantitatively analysed. This study 99 provides the first estimate of tropical soil C stock changes after land use change for the depth 100 0-30 cm, the soil depth that has to be reported under UNFCCC, and below. 101 102 2 Material and Methods 103
Data sources and compilation 104
Data from 385 studies from 153 published and mostly peer reviewed publications on the 105 influence of land use changes on soil organic carbon were compiled. Data were derived from 106 39 different tropical countries covering all continents ranging from semi-arid regions such as 107 southern Africa and northern Australia to the humid tropics along the equator. Twelve 108 different land use change types were classified and investigated covering all land use 109 transitions occurring in the tropical zone (Tab. 1). Most studies were conducted in paired plot 110 design using the "space for time" approach. Since SOC may reach a new equilibrium only 111 after several years or decades, there was almost no study with a time series going back to 112 prior land use change conditions. Thus, for each paired site, it has to be assumed that soil 113 conditions were similar before the land use change. Studies were rejected for the data 114 compilation if the different land use types were i) confounded by different soil types as, e.g., 115
indicated by significant differences in texture, ii) sampled for different soil depth or iii) 116 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  R  e  v  i  e  w  O  n  l  y   6 reporting only short term effects (< 5 years). For chronosequences only data from the longest 117 treatments of land use change were used in this study. With the exclusion of short term 118 studies, the influence of the time period since land use change on the estimated SOC changes 119 was minimized and not detectable anymore. Data on SOC stocks, bulk density and the 120 associated meta-data were compiled. Organic layers (forest floor) are rare in tropical forests 121 and the few existing data sets did not allow them to be included in this analysis. 122
In the current study, primary forest is defined as natural vegetation without apparent and 123 reported human impacts. The primary forest vegetation class also comprises natural 124 vegetations with shrubland and non-managed grassland with savannah-like characters, e.g., 125
the South American Cerrado. It has to be noted that there are only few remaining totally 126 undisturbed tropical forests leading to a rather broad definition of "primary forest" in many 127 studies and consequently also in our study (Lugo et al., 1993) . Secondary forests are managed 128 forests and forests regrown after destruction or partial exploitation of the primary forest. 129 Natural successions and fallow older than 7 years were classified as secondary forest. 130 "Grassland" comprises pastures but no natural grasslands, since natural grasslands are mostly 131 savannah type grasslands with tree and shrub vegetation. Additionally, there is no harvested 132 fraction of net primary production on natural grasslands, which directly affects the C 133 dynamics. Croplands are classified as "perennial crops," such as sugar cane and coffee 134 plantations, and "croplands," with annual crops such as maize and beans. Both cropland types 135 and grasslands were described as agricultural systems. the unknown values to convert SOC concentrations into stocks. To quantify the difference in 147 accuracy between the two approaches we first conducted the meta-analysis (see below) based 148 only on those studies with bulk density measurements. For the second approach the data set 149 was divided in two sub datasets comprising the studies with and without bulk density 150 measurements. For those studies lacking own bulk density data, the bulk densities before and 151 after land use change were simulated as two-dimensional truncated normal random vectors 152 separately for each land use change type. For these Monte Carlo simulations the means and 153 covariances were derived from the studies with bulk density measurements. The truncation 154 was necessary to avoid unrealistic (e.g., negative) values for bulk density caused by the 155 unbounded normal distribution. The standard deviation of the estimated mean effect size from 156 10000 repeated simulations provided a direct estimate of the uncertainty introduced by using 157 an estimated mean bulk density instead of true measurements. Finally, estimates of mean 158 effect sizes and their standard errors were obtained as weighted averages of the estimates 159 from the two sub datasets. These Monte Carlo simulations revealed that for all land use 160 change types the estimated uncertainty can be reduced by including also the studies that 161 reported only SOC concentrations after converting them with weighted mean bulk densities 162 into SOC stocks. Thus, we decided to also include studies that report only SOC 163 concentrations. 164 165 SOC stocks were corrected to an equivalent soil mass on both land use types (Ellert et al., 166 1995) . Weighted mean bulk densities for each land use change type were used if bulk density 167 converted to SOC by multiplying with a conversion factor of 0.58 (Mann, 1986) . Studies were 169 restricted to mineral soils. Wetlands soils such as peatlands and paddy soils were not included 170 in this analysis, mainly due to an insufficient number of studies on these soil types to abtain 171 an adequate representation compared to non-wetland soils. Soil horizons down to max 100 cm 172 were included in the analysis. The following relevant meta-data were also included in the 173 compilation: time since conversion (age), clay content (texture), soil type, mean annual 174 precipitation, mean annual temperature, soil sampling depth and other management factors 175 (tillage, species, fertilisation etc.). If some of these data were not available, data were not 176 estimated by interpolation or transfer functions and the study was excluded from the 177 corresponding analysis. Only for climatic data were other sources used such as long term 178 climate records of the region. 179 180
Meta-analysis 181
The simplest measure of effect size δ commonly employed in a meta-analysis is the difference 182 between control group mean µ c (before land use change) and treatment group mean µ e (after 183 land use change) . We used both the absolute effect size δ abs,i =µ e,i -µ c,i and the relative effect 184 size δ rel,i= ( µ e,i -µ c,i)/ µ c,i *100%. To account for the different accuracy of the heterogeneous set 185 of studies, the mean effect size for the different land use change types was estimated as 186 weighted mean with the optimal weights being inversely proportional to the variance of the 187 single-study effect sizes. To estimate the optimal weights we had to estimate these variances. 188
Two sources of variability contribute to the uncertainty of the effect sizes, the within-study 189 variability derived from sampling and analytical errors and the between-study variability 190 derived from differences in climate, soil, plant species and land management between studies. 191
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Data quality and mass correction 234
The analysis of land use effects on soil carbon is hampered by the high heterogeneity of the 235 data set including different sampling methods, sampling intervals and missing meta-data such 236 as the land use history. Most important for improved estimates of SOC changes is the 237 availability of bulk density data in order to account for SOC changes on an area basis and to 238 Mann, 1986) are rarely able to take these effects into account with sufficient accuracy and we 242 were able to predict bulk density in our study only with a correlation coefficient of 0.67 (data 243 not shown). However, the uncertainty of the estimated SOC change could be decreased by 244 combining studies with and without density measurements. The fraction of studies reporting 245 only SOC concentrations per land use change type was between 6 and 36%, indicating that 246 the majority of studies reported bulk densities and stocks. The uncertainty has been reduced 247 by on average 52% as compared to a meta-analysis only comprising studies with bulk density 248 managements. With our approach, we take the uncertainty derived from an incomplete data 249 set (e.g. missing bulk density data) and the uncertainty of SOC and bulk density 250 to increase by 5 to 23% with the strongest increase occurring in the surface, lessening with 260 depth with no significant effects below 20 cm depth ( Fig. 1) . Surprisingly, even tillage on 261 croplands did not decrease bulk density, but cropland bulk density was always higher than 262 grassland and forest bulk density. 263
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Secondary forest to agricultural land 292
Similar to primary forests also secondary forests' conversion to agriculture systems led to 293 SOC losses. However, relative SOC loss (for all depths) was less compared to primary 294 forests, indicating a higher vulnerability of SOC in primary forests than in secondary forests 295 to land use changes. Surface soil SOC stocks remain unchanged when secondary forest was 296 converted to grassland (Fig. 3) . Grasslands are characterised by a steep C gradient with soil 297 depth leading to high surface soil SOC stocks. In contrast, a smaller fraction of total SOC is 298 stored in the surface soil of secondary forests. SOC losses after deforestation were 299 significantly affected by climatic factors, in particular moisture conditions (mean annual 300 precipitation) and temperature (Tab. 3, Fig. 4) . Surprisingly, we found no effect of the clay 301 content (F 7750,5 ; p=0.58; Fig 
Primary to secondary forest 310
Management of primary forest with wood extraction and planting of productive tree species 311 caused a mean SOC loss of 7% or 9 Mg SOC ha -1 (Tab. 1). One major difference between 312 primary and secondary forest is the SOC distribution in the soil profile ( Fig. 2 and 3) , with a 313 higher surface SOC fraction in primary forest compared to secondary forests. 7 Mg SOC ha -1 314 (-15%) were lost in the upper 10 cm only after conversion of primary forest to secondary 315 forest. However, there was no significant SOC change below 20 cm depth. SOC losses were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Conversion of grassland to cropland and vice versa 331
Typical land use change cascades in the tropics are first the conversion of forest into 332 grassland for cattle grazing and at a later stage the conversion of grassland into cropland. 333
Cropland establishment on grasslands reduced SOC stocks by 6 Mg C ha -1 (-10%) but this 334 effect was restricted to the uppermost soil horizon. Subsoil below 20 cm depth was not 335 significantly affected by these land use changes due to high C input with tillage. Several 336 studies reported lower subsoil SOC stock in grassland compared to croplands (Fujisaka 1998, 337 Huges, 2000, Freitas 2000). Cropland conversion or re-conversion to grassland increased 338 SOC stocks by 8 Mg C ha -1 (+26%), which is more than the SOC loss after cropland 339 establishment on grassland. Similar to the afforestation of croplands, this indicates that 340 croplands management causes SOC losses leading to lower initial SOC stocks of croplands 341 before conversion into grasslands (Tab. 1). 
Perennial crops and plantations 344
The conversion of primary forests to perennial crops caused an even higher C loss of than the 345 conversion to cropland (-30%, Tab. 1). In contrast, the conversion of secondary forests to 346 perennial crops seems to hardly affect SOC stocks. This may be partly explained by higher 347 mean SOC stock before land use change in primary forests than in secondary forests of 348 studies reporting conversion into perennial crops. 
Deforestation and afforestation 359
A large number of studies on land use change effects were conducted during the last years, 360 25% of the studies in this meta-analysis were published during the last five years and 67% 361 during the last 10 years. Moreover, it was only recently that more studies also included deeper 362 soil horizons down to 100 cm depth. Former reviews calculated higher global and tropical 363 SOC stock changes after cultivation of forests compared to our study (Davidson et al., 1993 , 364 Guo et al., 2002 , Detwiler, 1986 , Paustian et al., 1997 , Amundson, 2001 . This can partly be 365 explained with an improved data quality and quantity, e.g., with deeper sampling and more 366 data on bulk density changes. Detwiler (1986) found twice as high SOC losses after 367 deforestation than reported in our study (-20% for forest to grassland and -40% for forest to 368 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 and wet tropical regions after forest cultivation, respectively, which is higher than calculated 371 in our study (Tab. 5). Our study confirmed the impact of soil moisture and precipitation on 372 SOC dynamics with higher SOC changes in regions with higher precipitation for most land 373 use change types (Tab. 3, Fig. 4 ). Soils in humid regions maybe more vulnerable to land use 374 changes than in dryer regions (Brown et al., 1990 , Amundson, 2001 . The impact of 375 precipitation seems to be stronger when forests are converted into grasslands than for forest 376 conversion into cropland (Tab. 5). In a global analysis Guo and Gifford (2002) found 377 conversion of forest to grassland to increase SOC stocks by 9% (2002), no SOC change has to 378 be assumed as default value under IPCC and is reported in other reviews (Lugo et al., 1993, 379 Cerri et al., 2004 , Penman et al., 2003 . In contrast, we found tropical forests lost 12% SOC 380 after grassland establishment (Tab. 1). These differences can be partly attributed to improved 381 data quality and the application of a soil mass correction which accounts for changes in 382 different bulk densities in different land use types (Ellert et al., 1995 , Gifford et al., 2003 , de 383 Moraes et al., 1996 . Detwiler (1986) tried already to overcome the problem of different soil 384 mass but had to rely on calculated and not measured bulk densities. Soils were compacted by 385 10 and 16% due to forest conversion into grassland and cropland, respectively. Most tropical 386 grasslands are under higher grazing pressure, a higher biomass fraction is exported (harvest) 387 and fertilizer input is low compared to temperate grasslands. Improved grassland management 388 with the application of fertilizers would help to increase productivity and SOC stocks 389 compared to extensive pastures (Soussana et al., 2007 , Ammann et al., 2007 . Roots are a 390 more effective pathway to build up SOC stocks than foliar litter, which explains high 391 grassland SOC (Lugo et al., 1993 , Rasse et al., 2005 new equilibrium of SOC has been reached most often within 3 to 10 years (Houghton, 1999 , 398 Feller et al., 1997 , Detwiler, 1986 , Davidson et al., 1993 . Other studies found 20 to 40 years 399 (Solomon et al., 2007 , Sa et al., 2001 , Riezebos et al., 1998 , Cerri et al., 2007 . In our study, 400 the average time period since deforestation was 22 years, and 33 years since afforestation, 401
indicating that major parts of SOC changes are captured within this time period. 402 403 Reforestation and afforestation were found to successfully recover SOC stocks (Silver et al., 404 2000 , Post et al., 2000 , Bashkin et al., 1998 . Cropland afforestation increased SOC stocks by 405 33 Mg ha -1 which is slightly lower than the mean SOC accumulation of 41 Mg ha -1 after 80 406 years reported from Silver et al. (2000) . SOC gains with afforestation were higher than SOC 407 losses after deforestation (Tab. 1). Forest establishment has mainly been performed with 408 highly productive tree species like eucalyptus with a low litter quality and high recalcitrance. 409
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SOC changes in the surface soil and the subsoil 465
The SOC in topsoil is supposed to be more prone to land use change and other perturbations 466 than subsoil (Siband, 1974 , Veldkamp et al., 2003 , Veldkamp, 1994 . We found equally high 467 relative subsoil SOC stock changes compared with surface soil horizons after conversion of 468 native forests to agriculture systems ( Fig. 2 and 4) . Native forests stored higher amounts of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Bulk density change and its impact of SOC stock estimates 485
The relative changes in bulk density were almost as high as the relative SOC changes, e.g., 486
cultivation of forest increased bulk density by 16 % (Fig. 1, Tab. 2). Bulk density changes are 487 important to account for SOC stocks changes, since SOC stocks linearly depend on both SOC 488 concentration and bulk density. Moreover, bulk density change causes a sampling bias if 489 sampling of each land use type is performed at the same sampling depth (Ellert et al., 1995 , 490 Gifford et al., 2003 , Davidson et al., 1993 . If bulk density increased with land use change, 491 the soil is compacted and sampling down to the same sample sampling depth would lead to 492 higher sampled soil mass than in the corresponding land use type. Since soil mass and soil 493 carbon are ultimately linked, sampling of more soil mass results in higher SOC stocks 494 (Davidson et al., 1993) . Thus, the effect of land use change is underestimated, in our study by 495 an average 28% (Tab. 2). This can only be completely corrected if bulk density data prior to 496 land use change are available and it can partly be corrected if bulk density data were recorded 497 after land use change for both land use types (Lee et al., 2009) . We found mass correction 498 changes than estimated without mass correction. However, Monte Carlo simulations revealed 500 that the exclusion of studies that report only SOC concentration would increase the 501 uncertainty of the estimated SOC change by 52%. The high diversity of soil types, climate 502 conditions, vegetation and management types call for as many studies as possible to be 503 included in such meta-analysis, even though not all studies provide the full parameter set. 504
This confirms earlier findings that fewer bulk density than SOC concentration measurements 505 are necessary to estimate SOC stocks (Don et al., 2007) . Coefficient of variation (CV) of all 506 studies was 2.7 times lower for bulk density than for SOC concentration (29 and 81% for bulk 507 density and SOC concentration, respectively) indicating that even with few bulk density 508 measurements, uncertainties on land use change effect can be reduced considerably. 509 510
Conclusions 511
The conversion of forest, especially primary forests into agricultural systems always lead to 512 SOC losses, but losses are reversible to a high degree if, e.g., agricultural land is afforested or 513 properly managed. For the SOC balance of a land use system, the harvested fraction of net 514 primary production seems to be more important than its disturbance frequency, e.g., with 515 tillage or climate or soil characteristics. 516
Mass correction of SOC stock estimates is crucial in order to estimate land use change effects 517 since land use change is always accompanied by bulk density changes. The comparison of 518 SOC stocks based on different soil mass deeply confound estimates of SOC changes. This 519 meta-analysis provides soil mass-corrected estimates to improve the current UNFCCC default 520 values. Mean SOC changes were smaller than reported in previous reviews even though soil 521 mass correction increased land use change effects on SOC by 28% on average. 522
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